ABSTRACT Duck hepatitis A virus type 1 (DHAV-1) is a serious infectious virus of ducklings. Recent study showed baicalin (BA) and baicalin phospholipid complex (BAPC) possessed anti-DHAV-1 effect. However, the antiviral mechanism is not clear. Therefore, the aim of the present work is to study influences and mechanisms of BA and BAPC on DHAV-1. The effects of BA and BAPC on DHAV-1 replication were analyzed by CCK-8 and RT-qPCR methods. And the results showed BA inhibited the replication of DHAV-1, and BAPC was more effective. Then, the influences of BA and BAPC on DHAV-1 protein translation and RNA synthesis were detected by western blot and RT-qPCR. Both BA and BAPC inhibited the protein translation, and BAPC did better. Furthermore, BAPC also inhibited the RNA synthesis. Afterwards, DHAV-1 IRES activity, DHAV-1 3D protein stability, and cellular Hsp70 expression were studied to in-depth understand the inhibition effects of BA and BAPC on DHAV-1 replication. The results indicated BA and BAPC dropped the protein translation via suppressing DHAV-1 IRES activity. Additionally, BAPC dropped the RNA synthesis via reducing the 3D protein stability and inhibiting cellular Hsp70 expression.
INTRODUCTION
Duck hepatitis A virus type 1 (DHAV-1) is a kind of fatal virus to ducklings (Sheng et al., 2014) . When ducklings less than 3 wk old are infected with DHAV-1, the mortality rate can be as high as 100% Xiong et al., 2014) . However in clinic, licensed drug against this infection is not available. Our previous works focused on the anti-DHAV-1 effects of ingredients from Chinese herbal medicine. And many ingredients showed anti-DHAV-1 abilities, such as bush sophora root polysaccharide and its sulfate , icariin and its phosphate , Codonopsis pilosula polysaccharide, and its phosphate (Ming et al., 2016) . Our latest works indicated that both baicalin (BA) and its phospholipid complex, baicalin phospholipid complex (BAPC), exerted the anti-DHAV-1 effects. Nevertheless, their exact inhibition mechanisms against DHAV-1 were still unknown.
It is well known that the whole life cycle of a virus includes adsorption, penetration, uncoating, replication, C 2018 Poultry Science Association Inc. Received April 11, 2018 . Accepted May 24, 2018 Corresponding author: liujiaguo@njau.edu.cn virus assembly, and release. The replication is 1 important step in the viral life cycle (Hu et al., 2017) . Drugs often exhibited antiviral effect via inhibiting the replication of viruses. It is reported that programmed cell death 4 and eIF4E-binding protein 1 exert antihepatitis E virus activities by inhibiting the replication (Zhou et al., 2015) . It is also reported that bromocriptine inhibited replication step in the dengue virus life cycle (Kato et al., 2016) . In our previous study, bush sophora root polysaccharide and its sulfate inhibited the replication of DHAV-1 . BA and BAPC also possessed the inhibition effects against DHAV-1; thus, we studied the inhibition mechanisms of BA and BAPC on DHAV-1 replication in the present work.
DHAV-1 is a member of the genus Avihepatovirus in the family Picornaviridae (Fu et al., 2008) . When a picornavirus entries its host cells, the protein translation immediately proceeds after the uncoating (Ahlquist et al., 2003) . And after that, the RNA synthesis starts (Feng et al., 2014) . Protein translation and RNA synthesis are 2 steps of the replication stage of a virus. Therefore, the levels of protein translation and RNA synthesis determine the quantity of viral amplification. Here, the influences of BA and BAPC on DHAV-1 protein translation and RNA synthesis were detected.
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The protein translation of a picornavirus is regulated by the viral internal ribosome entry site (IRES). The IRES of DHAV-1 belongs to type IV IRES (Pan et al., 2012) , i.e., a HCV-like IRES (Martínez-Salas et al., 2015) . In present work, the anti-DHAV-1 protein translation mechanism including DHAV-1 IRES activity was tested. It is reported that the 3D protein of picornavirus is a RNA-dependent RNA polymerase (RdRp), acts as a replicase (Ding and Zhang, 2007; Paul and Wimmer, 2015) . Additionally, the activity of picornavirus 3D protein is affected by many host proteins, especially the heat shock protein 70 (Hsp70) (Nagy et al., 2011) . So, the effect of Hsp70 on DHAV-1 replication in addition to the DHAV-1 3D stability and cellular Hsp70 expression was also studied.
MATERIALS AND METHODS

Reagents
Dulbecco's modified eagle medium (Gibco, USA) supplemented with penicillin 100 IU/mL, streptomycin 100 IU/mL, glutamine 0.75 mg/mL, and 10% fetal bovine serum, was called growth medium (GM) and used for culturing the duck embryonic hepatocytes (DEHs); supplemented with penicillin 100 IU/mL, streptomycin 100 IU/mL, glutamine 0.75 mg/mL, and 1% fetal bovine serum, was called maintenance medium (MM) and used for diluting drugs and maintaining cells. D-Hank's solution was used for washing the embryo tissue and cells. The pH of GM, MM and D-Hank's was adjusted to 7.4 using 5.6% NaHCO 3 . The trypsin (Amresco, USA) was dissolved into 0.20% with D-Hank's.
Cyclohexane (CHX) was brought from Sigma, USA. The cell counting kit-8 reagent was brought from Dojindo, Japan. RNAiso Plus Reagent, PrimeScript RT Master Mix Kit and SYBR Premix Ex Taq (Tli RNaseH Plus) Kit were the products of Takara, Japan. Chicken anti-DHAV-1 VP 1 polyclonal antibody and rabbit anti-DHAV-1 3D polyclonal antibody were supplied by the Shandong Institute of Poultry in China; anti-Hsp70, goat anti-mouse IgG (H+L) secondary antibody were brought from Abcam, UK; goat anti-chicken IgG (H+L) secondary antibody and goat anti-rabbit IgG (H+L) secondary antibody were brought from Invitrogen, USA. The BCA kit was brought from Beyotime, China. PVDF membranes were brought from Millipore, USA. OMEGA E.Z.N.A. Endo-Free Plasmid DNA Midi Kit was brought from Omega, USA. Effectene Transfection Reagent and HiPerFect Transfection Reagent were brought from QIAGEN, Germany. Dual-Luciferase Reporter Assay System was brought from Promaga, USA.
Cell and Virus
DEHs were prepared as the method described previously . Briefly, liver tissues from a duck embryonic at 15 d were minced and then digested with 0.20% trypsin. After that, the digestive products were washed thrice with D-Hank's and cultured into GM in a humid atmosphere of 5% CO 2 at 37
• C. After 48 h, the hepatocytes grew into a monolayer.
DHAV-1 (LQ 2 strain) was supplied by the Shandong Institute of Poultry in China and was diluted into 50 TCID 50 by MM.
BA and BAPC
BA (98.00%) was purchased from Nanjing Zelang Medicine Science and Technology Co., Ltd (Nanjing, Jiangsu Province, China). BAPC was prepared as the method described by Li et al. (2012) . Firstly, 1.25 g BA and 2.5 g soy phospholipids were mixed together. Then, 500 mL of tetrahydrofuran was added. And the mixture was refluxed in a thermostatic water bath at 55
• C for 1 h. Finally, 3.71 g BAPC was obtained after the vacuum rotary evaporation at 50
• C. According to the results of our previous studies on the cytotoxicity test and anti-DHAV-1 assay, BA and BAPC were both diluted to 31.25 μg/mL with MM.
DHAV-1 Replication Assay
Cell Viability One hundred microliters DHAV-1 was added into the 96-well plate containing the DEHs monolayer. Then, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 2 h to allow the adsorption and penetration of DHAV-1 (Yao et al., 2016) . After that, the plate was washed thrice with D-Hank's, 100 μL BA or BAPC or MM was added. The plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 15 h. Next, it was washed thrice with D-Hank's again and 100 μL MM was added. Afterwards, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After 72 h, the absorbance at 450 nm wavelength of each well was detected using the cell counting kit-8 reagent (Hamamoto et al., 2004) . The cell viability was calculated by A/Ā cell control .
DHAV-1 Replication Four hundred microliters DHAV-1 was added into the 24-well plate containing the DEHs monolayer except that was treated as cell control. Afterwards, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 2 h. Then, plate was washed thrice with D-Hank's, 400 μL BA and BAPC were, respectively, added into the BA and BAPC treating wells, 400 μL MM was added into the cell control and virus control wells, 3 wells per treating. Next, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After 15 h (Yao et al., 2016) , the DHAV-1 replication was assayed by reverse transcription quantitative PCR (RT-qPCR).
DHAV-1 Protein Translation Assay
One milliliter DHAV-1 was added into each well of the 6-well plate containing the DEHs monolayer except for which was treated as cell control. Afterwards, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 2 h and then was washed thrice with DHank's, 1 mL BA and 1 mL BAPC were, respectively, added into BA and BAPC treating wells, 1 mL MM was added into cell control and virus control wells, 3 wells per treating. Next, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After 5 h (Yao et al., 2016) , the relative DHAV-1 VP 1 protein expression was detected by western blot.
DHAV-1 RNA Synthesis Assay
After co-incubation of DHAV-1 and DEHs for 2 h, the 24-well plate was washed thrice with D-Hank's, 400 μL MM was added into each well, and then it was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 6 h to allow the start of DHAV-1 RNA synthesis (Yao et al., 2016) . Next, the plate was washed thrice with DHank's and 200 μL CHX (1 mg/mL) was added into the 24-well plate except for which were treated as cell control and virus control (Lee et al., 2014) . Then, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 1 h. Afterwards, 200 μL BA and BAPC were, respectively, added into BSRPS and sBSRPS treating wells, others wells were complemented to 400 μL with MM, 3 wells per treating. The plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After incubating for 2, 4, and 6 h, the relative DHAV-1 gene expression was detected by RT-qPCR.
IRES Activity Assay
Plasmid Construction DHAV-1 IRES sequence was inserted to the pmriGLO vector by regular manipulation. Firstly, DHAV-1 IRES sequence added with AACTTGGTTAGGTACC (KpnI site contained) at the 5 and CCTAGGCTTTTG-CAAAAAGC (AvrII site contained) at the 3 was synthesized. Secondly, the DHAV-1 IRES sequence was amplified by PCR with the forward primer 5 -GTTAGGTACCTTTGAAAGCCGGGTGCATG-3 and the reverse primer 5 -AAAGC-CTAGGTGCATGAAAGTCTACTGGTA TTATAGTGT-3 . Then, the PCR products and pmriGLO vector were dual-enzyme digested by KpnI (New England Biolabs, USA) and AvrII (New England Biolabs, USA), followed by the treatment with T4 DNA ligase (Fermentas, USA). Next, the ligation products were transformed to TOP 10 competent cell. After the colony PCR analysis, the recombinant plasmids were extracted by OMEGA E.Z.N.A.
R Endo-Free Plasmid DNA Midi Kit.
Dual-Luciferase Reporter System
The dicistronic luciferase plasmid pmriGLO-IRES was transfected into a 24-well plate containing the DEHs monolayer by Effectene R Transfection Reagent according to the manufacture's protocol. Then, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 24 h. After that, the plate was washed thrice with D-Hank's, 400 μL BA and BAPC were, respectively, added into BA and BAPC treating wells, 400 μL MM was added into control wells, 3 wells per treating. Next, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After 24 h, the firefly luciferase activity and Renilla luciferase activity were determined by DualLuciferase R Reporter Assay System according to the manufacture's protocol. IRES activity was calculated by Renilla luciferase activity/firefly luciferase activity and the IRES activity of control was defined to 1.
3D Protein Stability
After co-incubation of DHAV-1 and DEHs for 2 h, the 6-well plate was washed thrice with D-Hank's, 1 mL MM was added into each well, and then it was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 6 h to allow the start of DHAV-1 RNA synthesis (Yao et al., 2016) . Next, the plate was washed thrice with D-Hank's and 500 μL CHX (1 mg/mL) was added into the 6-well plate (Lee et al., 2014) . Then, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 1 h. Afterwards, 500 μL BAPC was added into BAPC treating wells, 500 μL MM was added into virus control wells, 3 wells per treating. The plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C. After incubating for 0, 4, and 6 h, the relative DHAV-1 3D protein expression was detected by western blot.
Influence of Hsp70 on DHAV-1 Reproduction
Small Interfering RNA The small interfering RNA (siRNA) against duck Hsp70 was designed according to the sequence of Anas platyrhynchos breed Kuttanad Hsp70 gene (GenBank Accession No. KC706508.1) by using Invitrogen BlockiT RNAi designer (Gan et al., 2015) . And the sequence was as follows: sense, 5 -GCACGGGUAAGGAGAACAAtt-3 ; antisense, 5 -UUGUUCUCCUUACCCGUGCtt-3 . The siRNA of negative control (ssiRNA) was purchased from Sigma and the sequence was as follows: sense, 5 -UUCUCCGAACGUGUCACGUtt-3 ; antisense, 5 -ACGUGACACGUUCGGAGAAtt-3 .
Hsp70 Knockdown by siRNA in DEHs DEHs were seeded in the 24-well plate (2.5 × 10 5 cells/well) and 6-well plate (1.2 × 10 6 cells/well). The plates were incubated in a humid atmosphere of 5% CO 2 at 37
• C for 24 h and at this time point the cells were about 50% confluent (Gan et al., 2015) . Afterwards, siRNA transfections were performed using HiPerFect Transfection Reagent (QIAGEN, Germany) according to the manufacture's protocol. Cell control, mock transfection, negative control (ssiRNA), and siHsp70 treating were set, 3 wells per treating. Twenty-four hours after transfection, the relative Hsp70 gene expression in the 24-well plate was detected by RT-qPCR, and the relative Hsp70 protein expression in the 6-well plate was detected by western blot.
Influence of Hsp70 on DHAV-1 Protein Translation The 6-well plate containing 50% confluent DEHs was transfected with siRNA and incubated in a humid atmosphere of 5% CO 2 at 37
• C for 24 h. Then, the plate was washed thrice with D-Hank's and 1 mL DHAV-1 was added. After incubated in a humid atmosphere of 5% CO 2 at 37
• C for 5 h, the relative VP 1 protein expression was detected by western blot. Cell control, virus control, mock transfection, negative control, and siHsp70 treating were set, 3 wells per treating.
Influence of Hsp70 on DHAV-1 RNA Synthesis The 24-well plate containing 50% confluent DEHs was transfected with siRNA and incubated in a humid atmosphere of 5% CO 2 at 37
• C for 24 h. Then, the plate was washed thrice with D-Hank's and 400 μL DHAV-1 was added. After incubated in a humid atmosphere of 5% CO 2 at 37
• C for 15 h, the relative DHAV-1 gene expression was detected by RT-qPCR. Cell control, virus control, mock transfection, negative control, and siHsp70 treating were set, 3 wells per treating.
Effect of BAPC on Hsp70 Expression
After co-incubation of DHAV-1 and DEHs for 2 h, the 6-well plate was washed thrice with D-Hank's and 1 mL MM was added. After that, the plate was incubated in a humid atmosphere of 5% CO 2 at 37
• C for 6 h. Next, the plate was washed thrice with D-Hank's and 1 mL BAPC was added. Cell control, virus control, and BAPC control were set, 3 wells per treating. After incubated in a humid atmosphere of 5% CO 2 at 37
• C for 15 h, the relative Hsp70 protein expression was detected by western blot.
Reverse Transcription Quantitative PCR
When total RNA was extracted by RNAiso Plus Reagent, the reverse transcription was immediately performed using PrimeScript RT Master Mix Kit. Then, real-time PCR was operated by SYBR R Premix Ex Taq (Tli RNaseH Plus) Kit. The forward primer 5 -GCCACCCTTCCTGAGTTTGT-3 and the reverse primer 5 -TACCATTCCACTTCTCCTGCTT-3 were used to determine the DHAV-1 gene . The forward primer 5 -CTTTCTTGGGTATGGAGTCCTG-3 and the reverse primer 5 -TGATTTTCATCGTGCTGGGT-3 were used to determine the β-actin gene (Chen et al., 2014) . The forward primer 5 -CATGAAGCAGACGGTGGAG-3 and the reverse * , compared with cell control, P < 0.05. * * * , compared with cell control, P < 0.001. #, compared with virus control, P < 0.05. ##, compared with virus control, P < 0.01. ###, compared with virus control, P < 0.001.
primer 5 -GATCGAGCCAAGAGATCACC-3 were used to determine the Hsp70 gene (Cao et al., 2016) .
Western Blot
DEHs were harvested into the RIPA Lysis and Extraction Buffer containing Thermo Scientific Halt Protease Inhibitor Cocktail. Then, the lysate was centrifuged at 14,000 × g for 15 min to pellet the cell debris. And the supernatant was collected; the protein concentration was determined by the BCA kit. Afterwards, 60 μL total proteins were diluted in sample loading buffer and boiled for 5 min. Then, the samples were run on a 12% sodium dodecyl sulfate-polyacrylamide gel. And the proteins in the gels were transferred to PVDF membranes. After that, the membranes were blocked with TTBS containing 5% BSA for 1 h at room temperature. Next, the membranes were overnight incubated in specific primary antibodies at 4
• C. After that, the membranes were washed with TTBS and incubated in secondary antibodies at room temperature for 1 h. Finally, western blot images were captured using the standard enhanced chemiluminescence system (Bio-Rad, USA).
Statistical Analysis
Data were expressed as means ± S.D. Statistical analyses were performed by t test using SPSS Software Package v.20.0. 2 −ΔΔCT method (Kenneth and Thomas, 2001 ) was used to analysis the relative gene expression data. Figure 1 shows the influences of BA and BAPC on DHAV-1 replication. As shown in Figure 1A , DHAV-1 induced the low cell viability. After the treatment of BA and BAPC on DHAV-1 replication, the cell viabilities were significantly increased. And the effect of BAPC was better. The relative DHAV-1 gene expression of each group was detected to observe the effects of BA and BAPC on DHAV-1 directly. As shown in Figure 1B , the relative DHAV-1 gene expressions of BA and BAPC were significantly lower than that of virus control. Additionally, the relative DHAV-1 gene expression of BAPC was significantly lower, as comparison with BA. It indicated both BA and BAPC inhibited DHAV-1 replication, and BAPC did better. Figure 2A shows the influences of BA and BAPC on DHAV-1 protein translation. Both BA and BAPC significantly decreased the relative DHAV-1 VP 1 expressions after DHAV-1 entering DEHs for 5 h. But there was no significant difference between the effects of BA and BAPC. It indicated both BA and BAPC inhibited DHAV-1 protein translation. Figure 2B shows the influences of BA and BAPC on DHAV-1 RNA synthesis. Because of the protein translation inhibition effect of CHX, the relative DHAV-1 gene expression of CHX group was lower than that of virus control as time went on. As comparison with CHX group, the relative DHAV-1 gene expression of CHX + BAPC group was significantly lower all the time. However, the relative DHAV-1 gene expression level of CHX + BA group was the same to that of CHX group. Certainly, the significant differences between the gene expressions of CHX + BAPC and CHX + BA group existed all the time. This indicated BAPC inhibited DHAV-1 RNA synthesis but BA did not.
RESULTS
Influences of BA and BAPC on DHAV-1 Replication
Influences of BA and BAPC on DHAV-1 Protein Translation and RNA Synthesis
Influences of BA and BAPC on DHAV-1 IRES Activity
The DHAV-1 IRES activity was determined by dualluciferase reporter assay system. As shown in Figure 3 . The DHAV-1 IRES activities of BA and BAPC were both significantly lower than that of control. But there was no significant difference between BA and BAPC.
Influence of BAPC on DHAV-1 3D Protein Stability
Although BA did not affect the DHAV-1 RNA synthesis, BAPC did, we only detected the influence of BAPC on DHAV-1 3D protein stability. As shown in Figure 4 , the 3D protein expressions decreased gradually after the treatment of CHX. And the relative 3D protein expressions of BAPC treating group was lower than that of virus control over time. And the significant differences were showed at the 4th and the 6th h. It indicated BAPC reduced the stability of DHAV-1 3D protein.
Hsp70 is Vital to the RNA Synthesis of DHAV-1 in DEHs
RNA synthesis of a single stranded positive RNA virus need the chaperone proteins of its host cell and Hsp70 is the most important one (Nagy et al., 2011) . Hsp70 is able to stimulate viral RdRp activity (Brown et al., 2005; Dufresne et al., 2008) . So we studied the influence of Hsp70 on DHAV-1 replication in the present study. We used a siRNA to silence the Hsp70 gene. As shown in Figure 5A and B, the mRNA and protein expressions of siHsp70 treating were both significantly decreased. To assess whether Hsp70 affect the replication of DHAV-1 in DEHs, we detected the protein translation and RNA synthesis of DHAV-1 when treated by siHsp70. As shown in Figure 5C , the relative VP 1 expression of each group were the same, which meant Hsp70 did not affect the protein translation of DHAV-1. However, Figure 5C showed that the relative DHAV-1 gene expression was significantly decreased by siHsp70, which indicated Hsp70 is vital to the RNA synthesis of DHAV-1. Figure 6 shows the influence of BAPC on cellular Hsp70 expression. The relative Hsp70 protein expression of virus control was significantly higher than that of cell control. After the treatment of BAPC on DEHs infected with DHAV-1, the relative Hsp70 protein expression was significantly decreased but still significantly higher than that of cell control. When BAPC treated DEHs solely, the relative Hsp70 protein expression was significantly lower than that of cell control.
Influence of BAPC on Cellular Hsp70 Expression
DISCUSSION
It is well known that flavonoids possess extensive biological activities including antiviral activity. However, poor solubility limits the bioavailability of flavonoids. It is reported complex with phospholipids can improve the solubility, physicochemical properties, and absorption of flavonoids (Xu et al., 2016) . And in fact, the solubility in water and fat as well as the bioavailability of BAPC is much higher than that of BA (Li et al., 2012) . Therefore, in present study, BA was made into BAPC.
The replication to a virus is very important. And usually drugs play antiviral efficacy by inhibiting the replication (Zhou et al., 2015; Kato et al., 2016) . As a member of picornaviruse, the replication rate of DHAV-1 is very high (Yao et al., 2016) . Therefore, the inhibition effect against DHAV-1 replication is a key assessment of the anti-DHAV-1 ability. In present study, the influences of BA and BAPC on DHAV-1 replication were determined (Figure 1 ). And the results showed both BA and BAPC inhibited DHAV-1 replication, additionally the inhibition effect of BAPC was better.
Protein translation and RNA synthesis are 2 important processes of the replication. Thus, the influences of BA and BAPC on DHAV-1 protein translation and RNA synthesis were detected to study the DHAV-1 replication inhibition mechanisms. Picornaviruses share a similar life cycle. After entering host cells and before release, picornaviruses follow a series of steps: uncoating, viral protein translation and polyprotein processing, RNA synthesis, and encapsidation (Feng et al., 2014) . In the early stage of the replication of picornaviruses, the protein translation first started (Ahlquist et al., 2003) . The proteins synthesized at this time are used for the next RNA synthesis and protein translation (Feng et al., 2014) . The early protein translation of DHAV-1 lasts 5 h after entering DEHs, and there is no DHAV-1 RNA synthesis in this period of time (Yao et al., 2016) . So DHAV-1 protein expression after entering DEHs for 5 h was detected to assess the level of protein translation in the present * , compared with cell control, P < 0.05. * * , compared with cell control, P < 0.01. #, compared with virus control, P < 0.05. ###, compared with virus control, P < 0.001. study. Since DHAV-1 has only 1 open reading flame (Ding and Zhang, 2007; Tseng et al., 2007) . So the VP 1 protein expression was determined to study the protein translation. Both BA and BAPC significantly inhibited the relative VP 1 protein expression (Figure 2A ). This meant BA and BAPC suppressed the protein translation of DHAV-1. But there was no significant difference between the effects of BA and BAPC. At the same time, the RNA synthesis was also detected. When the early protein translation finished, the RNA synthesis of DHAV-1 started. And a growth trend of the DHAV-1 gene expression from the 6th h to the 12th h appeared (Yao et al., 2016) . However, in this period of time the protein translation still works. And the RNA synthesis of DHAV-1 requires the viral protein. Thus, the inhibition of DHAV-1 protein translation must inhibit the DHAV-1 RNA synthesis. In order to avoid the influence of protein translation, the CHX was used to block the subsequent protein translation (Lee et al., 2014) after DHAV-1 entering DEHs for 5 h. As Figure 2B shown, the relative DHAV-1 gene expressions in CHX group were significantly lower than those of virus control group. This testified CHX blocked the DHAV-1 protein translation. As comparison with CHX group, the relative DHAV-1 gene expressions in CHX + BAPC group was significantly lower. It indicated BAPC suppressed the DHAV-1 RNA synthesis. However, BA did not affect the DHAV-1 RNA synthesis. These suggested BA inhibited DHAV-1 replication by suppressing the protein translation, and BAPC inhibited DHAV-1 replication by suppressing the protein translation and RNA synthesis. Obviously, BAPC suppressed the protein translation and RNA synthesis, whereas BA only suppressed the protein translation. And this might be the reason why the inhibition ability of BAPC was better.
Most regulation of protein translation occurs at the initial stage (Jackson, 2005; Sonenberg and Hinnebusch, 2009 ). Translation of cellular mRNAs usually starts via a cap-dependent mechanism. But the initiation of protein translation of picornaviruses does not depend on the cap-dependent mechanism (Fitzgerald and Semler, 2009 ). In the initiation of protein translation of picornaviruses, ribosomes are recruited to the RNA by the IRES. Thus, the activity of IRES influences the protein translation of picornaviruses. Fructus gardeniae is a common drug used in traditional Chinese medicine. The recent study showed that geniposide, a primary Fructus gardeniae component, blocked the protein translation of enterovirus 71, a kind of picornavirus, by inhibiting the IRES activity (Lin et al., 2013) . Lv et al. (2014) studied the inhibition mechanism of apigenin against enterovirus 71 replication, and results showed that apigenin significantly restrained the IRES activity. It is also reported that kaempferol possessed inhibition ability on enterovirus 71 replication by inhibiting the IRES activity (Tsai et al., 2011) . Since the inhibition of IRES activity results in the inhibition of protein translation of picornavirus. In the present study, the influences of BA and BAPC on DHAV-1 IRES activities were detected. Both BA and BAPC exhibited the inhibition effects on DHAV-1 IRES activities (Figure 3 ). It indicated BA and BAPC inhibited the protein translation of DHAV-1 via inhibiting the IRES activities.
Besides protein translation, RNA synthesis of DHAV-1 is also an important process of the replication. Thus, the mechanism of inhibiting DHAV-1 RNA synthesis was studied in the present study. The picornaviruses RNA synthesis was regulated by many factors, such as RNA structures, viral proteins, and cellular proteins (Paul and Wimmer, 2015) . The 3D protein is 1 non-structural protein of picornaviruses and a vital RNA polymerase to the RNA synthesis of picornaviruses (Paul and Wimmer, 2015) . BA and BAPC inhibited the protein translation of DHAV-1; thus, the expression of 3D protein must be inhibited by BA and BAPC. Obviously, the RNA synthesis of DHAV-1 was ought to limited by BA and BAPC. To avoid the influence of the 3D protein expression on RNA synthesis, we used CHX, a protein synthesis inhibitor, to block the protein translation. However, when DEHs were treated by CHX, BAPC exhibited inhibition effect on DHAV-1 RNA synthesis, whereas BA did not ( Figure 2B ). This indicated BAPC affected other factors besides the 3D protein content. Here, the influence of BAPC on 3D protein stability was detected. And the result showed BAPC reduced the 3D protein stability (Figure 4) . It indicated BAPC inhibited DHAV-1 RNA synthesis by reducing the 3D protein stability. It is reported that RNA synthesis of a single stranded positive RNA virus need the chaperone proteins of its host cell and Hsp70 is an important one (Nagy et al., 2011) . And Hsp70 is vital to the viral RdRp activity (Brown et al., 2005; Dufresne et al., 2008) . In present study, the effects of Hsp70 on DHAV-1 protein translation and RNA synthesis were tested. The results indicated Hsp70 is vital to DHAV-1 RNA synthesis ( Figure 5 ). So, we studied the influence of BAPC on Hsp70 expression. And the result showed BAPC significantly inhibited the cellular Hsp70 expression ( Figure 6 ). Therefore, besides reducing 3D protein stability, BAPC also inhibited DHAV-1 RNA synthesis by inhibiting the cellular Hsp70 expression.
BA possesses various biological activities, such as antivirus, immunoregulation, and antioxidant (Liao et al., 2014; Moghaddam et al., 2014) . In terms of treating a viral disease, such as duck virus hepatitis caused by DHAV-1, these biological activities are all important . For an acute disease, the antiviral ability is more important relatively. When ducklings are infected with DHAV-1, the death appears at the 24th h and the mortality rate even can be 100% . Thus, the inhibition of DHAV-1 is fatal to the treating. In present study, the inhibition effects of BA and BAPC on DHAV-1 replication were confirmed. When BA was made into BAPC, the inhibition effect on DHAV-1 was increased. This was mainly because the inhibition mechanisms of BA and BAPC were different. BA only blocked the DHAV-1 protein translation process by inhibiting IRES activity. BAPC not only blocked the DHAV-1 protein translation process by inhibiting IRES activity, but also blocked the DHAV-1 RNA synthesis process by reducing DHAV-1 3D protein stability and inhibiting cellular Hsp70 protein expression.
In present work, we studied the inhibition mechanisms of BA and BAPC on DHAV-1 replication. And this might contribute to the research and development of drugs and the treatment of viral diseases. Since BA and BAPC inhibited DHAV-1 IRES activities, they blocked DHAV-1 protein translation process. DHAV-1 IRES is a type IV IRES (Pan et al., 2012) , i.e., an HCV-like IRES (Martínez-Salas et al., 2015) . Therefore, it is meaningful to study whether BA and BAPC are able to inhibit IV or other type IRES activity. BAPC also affected DHAV-1 3D protein stability and cellular Hsp70 protein expression. So it is also significant to discuss whether BAPC affects 3D protein stability of other picornaviruses and Hsp70 protein expression in other cells that were the host of single stranded positive RNA viruses. Of cause, mechanisms in depth should be further studied.
CONCLUSION
In conclusion, BA and BAPC significantly inhibited DHAV-1 replication and the inhibition ability of BAPC was stronger. There are some differences between the inhibition mechanisms of BA and BAPC. BA blocked the DHAV-1 protein translation process by inhibiting IRES activity. BAPC not only blocked the DHAV-1 protein translation process by inhibiting IRES activity, but also blocked the DHAV-1 RNA synthesis process by reducing DHAV-1 3D protein stability and inhibiting cellular Hsp70 protein expression.
